Nuclear RNA precursors to the mRNA for rat cytosolic phosphoenolpyruvate carboxykinase (GTP) (EC 4.1.1.32) and nuclear RNA species smaller in size than the mature enzyme mRNA have been identified by using hybridization probes specific for introns and exons from the gene. A number ofprocessing intermediates, including an intact intron, were noted. Based on the size and distribution ofthe precursors observed, we propose a pathway for phosphoenolpyruvate carboxykinase RNA processing that involves splicing of introns starting at the 5' end of the RNA transcript and proceeding toward the 3' end.
administration of NM,02-dibutyryl-cAMP (Bt2cAMP) (1) . This increase is accompanied by an accumulation of a number of nuclear RNA species, ranging in length from 6.6 kilobases (kb) (the approximate size of the gene) to 0.2 kb, which hybridized to P-enolpyruvate carboxykinase cDNA probes. Furthermore, changes in the levels of these nuclear RNA species parallel changes in the transcription rate of the P-enolpyruvate carboxykinase gene (1) . The decay of these putative mRNA precursors in nuclei of cultured hepatoma cells after the addition of insulin is rapid (2) . The kinetics of decay of the various nuclear precursors suggests a precursor-product relationship, although this point has not been established by pulse-chase experiments (2) . Using a variety of DNA probes from specific exons and introns in the P-enolpyruvate carboxykinase gene (3), we have established that these nuclear RNA species are precursors of the enzyme mRNA. Although there are several possible interpretations of our data, we propose a pathway for P-enolpyruvate carboxykinase RNA splicing that is consistent with an excision of introns beginning at the 5' end of the gene transcript and proceeding to the 3' end.
MATERIALS AND METHODS Chemicals. Nitrocellulose (BA 85) was purchased from Schleicher & Schuell and guanidinium thiocyanate was purchased from Kodak. Formamide (MCB Chemical, Norwood, OH) was deionized before use by treatment with Bio-Rad AG 501-X80 resin. Bt2cAMP was purchased from Sigma and [a-32P]dCTP (400-600 Ci/mmol; 1 Ci = 37 GBq) was from New England Nuclear. DNase I was from Worthington. Sucrose-containing solutions were treated with 0.1% diethyl pyrocarbonate to inactivate RNase. Other solutions were autoclaved. All other reagents were of the highest purity available.
Animals. Male Wistar rats, weighing 200-250 g, were fed Wayne Lab Blox ad lib. Twenty minutes prior to use, they were given Bt2cAMP and theophylline (30 mg/kg of body weight each) intraperitoneally.
Isolation of Nuclear and Cytosolic RNA. Nuclei were prepared from rat livers by a modification of the citric acid procedure (1, 4) . Poly(A)+ RNA was isolated from total nuclear RNA by affinity chromatography using a poly(U)-Sepharose column (Bethesda Research Laboratories) according to the specifications of the manufacturer. Cytosolic RNA was isolated from rat liver as described (1) .
Blot Hybridization Analysis of RNA. RNA was denatured with 15 mM methylmercury hydroxide for 20 min at room temperature and then subjected to electrophoresis on 1% agarose gels, which contained 2.2 M formaldehyde. After electrophoresis, the methylmercury hydroxide and formaldehyde were removed by washing the gel in water for =2 hr. The RNA was then transferred from the gel by blotting to nitrocellulose papers with 3 M sodium chloride/0.3 M sodium citrate. The RNA bound to the nitrocellulose paper was hybridized to a variety of 32P-labeled DNA probes. Doublestranded DNA probes were labeled by nick-translation (5) and single-stranded DNA probes in M13 were labeled using the DNA sequencing primer (6) . Conditions for hybridization and washing have been described (5 containing a portion of the 5' end of the seventh intron, the complete seventh exon, and most of the sixth intron, subcloned into M13 mp9. Each of the above DNA probes was isolated from flanking DNA by using specific restriction enzymes followed by purification of the probes by electrophoresis on agarose gels as outlined (5 
RESULTS
Identification of Processing Intermediates of P-enolpyruvate Carboxykinase mRNA. The gene for P-enolpyruvate carboxykinase hybridized to nuclear RNA species ranging in size from 6.6 kb (the approximate length of the gene) to 0.5 kb. The gene also hybridized with the 2.8-kb, cytosolic P-enolpyruvate carboxykinase mRNA (Fig. 1) . The existence of discrete bands of high molecular weight Penolpyruvate carboxykinase mRNA suggests that gene transcripts for the protein are processed by successive removal of discrete segments of intervening sequence RNA. Based on the structure of the P-enolpyruvate carboxykinase gene, we would predict >60 species of RNA resulting from the removal of intron transcripts if processing was random but 8 if processing was sequential. However, only 6 nuclear RNA species larger than 2.8 kb were detected (Fig. 1 ). These nuclear RNA species were further characterized for the presence of intron sequences by hybridization to intronspecific probes (Fig. 2, lanes 1-8) All four intron probes used in this experiment hybridized with specific nuclear RNA species but not with cytosolic mRNA, suggesting that they are precursors of enzyme mRNA. The first intron probe (probe B) hybridized only to the largest nuclear RNA species, which is 6.6 kb in length (Fig. 2, lane 1) . The second intron probe (probe C) hybridized with nuclear RNA species at 6.6 and 6.3 kb (Fig. 2, lane 3) . This would be close to the expected pattern if the 6.3-kb band noted in lane 3 is the product of a splicing event in which the first intron is removed. However, when we use the third intron probe (probe D), we found a pattern of hybridization identical to that noted when the second intron was used as a probe (Fig. 2, lane 5) . If processing of intron sequences was sequential, we would predict that an RNA species of =5.9 kb would hybridize with the third intron probe. No such species was detected with any intron or exon probe used in this study. This may mean that the concentration of the RNA transcripts after the removal of the second and third introns is too low to be detected, due perhaps to a more rapid degradation of Biochemistry: Hatzoglou et al. these intermediate species. The seventh intron (probe E) gave a pattern of hybridization to larger nuclear RNA species that was similar to that noted with the P-enolpyruvate carboxykinase gene (compare lane 1 in Fig. 1 with lane 8 in Fig. 2) . The seventh intron probe also hybridized with two of the smaller nuclear RNA species (2.4 and 2.0 kb). Since the seventh intron hybridized with all enzyme RNA precursors larger than 2.8 kb, its removal probably represents a later event in RNA processing.
Hybridization of the Nuclear RNA Species with ExonSpecific Probes. We first sought to determine if the RNA precursors contained sequences homologous to the 5' and 3' ends of the P-enolpyruvate carboxykinase cDNA. Both the 5' end of the cDNA (450-bp segments containing the first three exons, probe G) and the 3' end ofthe cDNA (containing 1.1 kb of the last exon, probe H) hybridized to all nuclear RNA species larger than enzyme mRNA (Fig. 3, lanes 2 and  5) . Since the first and last exons are preserved in all of the nuclear RNA precursors greater than 2.8 kb, we conclude that these exons remain together during splicing. For RNA species smaller than 2.8 kb, different patterns were noted. The 3' cDNA probe hybridized with nuclear RNA at 2.4, 2.0, and 1.3 kb (even after long periods of exposure of the autoradiogram, no other RNA bands were observed). The 5' cDNA probe hybridized intensely with RNA species at 1.6 and 1.0 kb. There were also several less intense bands (1.4, 1.2, 1.1, 0.9, 0.4, and 0.2 kb) noted after hybridization of nuclear RNA to the 5' cDNA probe (Fig. 3, lane 3) . These bands were not noted with the 3' probe. When we used a probe containing a 70-bp segment of the first exon of the P-enolpyruvate carboxykinase gene, we found exactly the same pattern of hybridization as that seen with the 5' cDNA. If the 5' end of the cDNA (containing all seven exons) was used as probe, we detected all of the nuclear RNA species noted with probe G, including a band at 2.4 kb (compare lanes 1 and 2 and 6 and 2 in Fig. 3) . The different hybridization profiles noted with the two ends of the P-enolpyruvate carboxykinase cDNA indicate two different types of splicing products-one derived from the growing 5' end of the transcript and the other from the remaining 3'-unspliced RNA. However, we cannot exclude the possibility that some of the smaller 3' transcripts represent RNA from a second, 3' initiation site within the P-enolpyruvate carboxykinase gene rather than processing intermediates.
All ofthe RNA precursors (RNA species larger than 2.8 kb) and three of the smaller nuclear RNA species (2.4, 2.0, and 1.3 kb) were polyadenylylated (Fig. 3, lane 8) . The probe used in this experiment was the nearly full-length P-enolpyruvate carboxykinase cDNA (probe J). The same profile was noted when total nuclear RNA was hybridized with the 3' cDNA probe (compare lanes 5 and 8 in Fig. 3 ).t
The Small Nuclear RNA Species Are Putative Splicing Intermediates. In the course of this study we noted a number of RNA species smaller than P-enolpyruvate carboxykinase mRNA. As judged by intensity of hybridization of these smaller RNAs to P-enolpyruvate carboxykinase DNA probes, there were five major nuclear RNA species (2.4, 2.0, 1.6, 1.3, and 1.0 kb) and seven minor RNA species (1.4, 1.2, 1.1, 0.9, 0.5, 0.4, and 0.2 kb). Only three of these RNA species (2.4, 2.0, and 1.3 kb) were polyadenylylated (Fig. 2,  lane 8) . They also hybridized to the 3' cDNA (probe H), indicating that each of these species contained the last exon transcript. When we eluted the 3' cDNA probe from the filter and rehybridized with a 1.5-kb cDNA probe containing the first seven exons (probe I), only the 2.4-kb RNA, of the three polyadenylylated RNA species (2.4, 2.0, and 1.3 kb), was detected on the autoradiograph (Fig. 3, lane 6 ). This finding suggests that the three smaller polyadenylylated nuclear RNA species are splicing intermediates containing 3'-specific sequences. The RNA species at 0.9, 0.4, and 0.2 kb are present in low levels in nuclear RNA since they were detected only after longer exposures of the autoradiograph.
To resolve the origins of the other smaller RNA species observed with the 5' cDNA probe (probe G, which is a 450-bp segment of the 5' end of P-enolpyruvate carboxykinase cDNA), we used as a hybridization probe a gene fragment that contains a part of the sixth intron, the entire seventh exon, and a small part of the seventh intron (probe K, Fig. 4 ). This probe hybridized with the 2.4-, 2.0-, and 1.6-kb nuclear RNA species and not with the 1.0-kb species, suggesting that both the 1.6-and 1.0-kb RNAs represent the growing 5' end of the processed transcript. This probe also detected a distinct band at 0.5 kb, which corresponds to the sixth intron. This is one ofthe first examples ofan excised intron sequence that has been detected in vivo. The only DNA probes that hybridized with this species of RNA (0.5 kb) were probes A tThe RNA species at 1.6 kb shown in Fig. 3 (lanes 1, 2, 3 .~~~~6 100. and K, which contain these intron sequences (see Fig. 1 ). We also noted two bands between 0.5 kb and 1.0 kb that were not observed with the cDNA hybridization probes (compare lanes 2 and 3 in Fig. 4) . Finally, there were RNA species at 1.4, 1.2, and 1.1 kb (see Fig. 3 , lane 3) that hybridized with a probe specific for the 5' end but not with a 3'-end-specific probe (probe H; Fig. 3, lane 5 ). At present, we cannot explain the origins of these RNA bands, but similar processing intermediates were noted by Krainer et al. (8) in the in vitro splicing of globin pre-mRNA and were attributed to aberrant RNA splicing.
DISCUSSION
Our analysis of nuclear RNA precursors4t for P-enolpyruvate carboxykinase may be summarized as follows. (i) The processing of P-enolpyruvate carboxykinase RNA is not a random process, since we would predict >60 discrete processing intermediates based on the structure of the gene. (ii) All nuclear RNA precursors are polyadenylylated. (iii) We note a full-length transcript of the P-enolpyruvate carboxykinase gene (6.6 kb) that hybridized with every DNA probe used in this study. This suggests that the 6.6-kb band represents the primary, polyadenylylated RNA transcript. (iv) All RNA precursors of P-enolpyruvate carboxykinase mRNA hybridize to both the first and the last exon of the gene. This suggests that during RNA processing the exons remain together in the transcript as it undergoes splicing. (v) During RNA processing, the first three intron transcripts are removed before the seventh intron transcript; however, we cannot distinguish the order of excision of intron transcripts 2 and 3. (vi) We observe a number of smaller RNA species ranging in size from 2.4 to 0.2 kb. Three of these species (2.4, 2.0, and 1.3 kb) are polyadenylylated, indicating that they are splicing intermediates containing 3' sequences of the transcript. There are two relatively abundant bands at 1.6 and 1.0 kb that are not polyadenylylated and include sequences from the 5' end (but not the 3' end) of the RNA transcript. These smaller RNA bands may represent splicing intermediates in which ligation did not occur. (vii) Of the eight introns contained in the P-enolpyruvate carboxykinase gene, only the transcript of the sixth intron was detected and it was present as distinct RNA species of three different sizes (0.5-0.9 kb). The appearance of intron-specific RNA transcripts of different sizes in the nucleus suggests possible structural variations in the excised RNA. Grabawski et al. (9) have proposed a novel RNA splicing mechanism involving a lariet-type configuration within the intron-specific RNA sequences prior to splicing. These intron transcripts migrate during electrophoresis in different gels with a size that varies from that predicted from its nucleotide sequence. However, at the present time we have no direct evidence for the formation of such lariet-type structures during the processing of P-enolpyruvate carboxykinase RNA.
In Fig. 5 we present a scheme for the processing of P-enolpyruvate carboxykinase RNA that accounts for most of the nuclear RNA species we have observed in this study. This scheme is one of several possible explanations of our results, but it is one that reasonably fits the majority of our data. We predict that the RNA species at 3.8 kb is derived from the 5.1-kb RNA via a 4.3-kb precursor, after the excision of the fifth and sixth intron transcripts. Because these two introns are approximately the same size, we cannot distinguish which one is excised first, so we present two precursor RNA species at 4.3 kb (Fig. 5) . As a result of these splicing events we find a 2.4-kb (or 3.1 kb) RNA species corresponding to the 3' end of the unprocessed RNA, a 0.9-and 1.0-kb RNA transcript representing the growing 5' end of the processed RNA, as well as the excised sixth intron transcript. The other splicing intermediates at 3.1 and 1.6 kb probably migrate under other RNA species of similar size. Also, the removal of the seventh intron transcript should result in RNA intermediates of about 1.3 kb (3' end) and 1.6 kb (growing 5' end). In this case, we also find an RNA transcript 2.0 kb in length, which contains sequences at the 3' end of the enzyme RNA, including the seventh intron. All of these RNA processing intermediates were detected by using the appropriate hybridization probes. Finally, we also noted the presence of additional nuclear RNA species at 0.4 and 0.2 kb, which are probably derived from the growing 5' end of the RNA transcript.
It is possible that the corresponding 3' ends of several of the transcripts are included in our autoradiographs together fWe define precursors as specific RNA species containing intron transcripts that are larger than the 2.8-kb cytosolic P-enolpyruvate carboxykinase mRNA. with similar-sized RNA precursors that are being processed.
As noted in Fig. 5 , we would expect that an RNA intermediate from the 3' end of the transcript would migrate together with the intact 3.1-kb RNA precursor and hybridize with probe E (seventh intron). We were not able to distinguish the order of excision of the eighth intron transcripts and have proposed two alternative routes for its removal, although it could have been excised in a previous step and would not be detected by our procedures. The possibility that the small nuclear RNA species are splicing intermediates is supported by the kinetic experiments of Granner et al. (2) , who demonstrated that after the administration of insulin the nuclear transcripts smaller than 3.1 kb disappear as rapidly as the 4.0-to 5.0-kb species. Thus, the 3.1-kb nuclear Penolpyruvate carboxykinase mRNA might undergo modification to form the 2.8-kb cytosolic mRNA.
If the processing of P-enolpyruvate carboxykinase RNA occurs sequentially from the 5' to the 3' end of the RNA transcript we would expect the appearance of bands at positions predicted by the ordered deletion of intron sequences. In contrast, we find only one RNA transcript at 5.1 kb (between the 6.3-and 4.3-kb species of RNA), although three RNA bands would be predicted from the excision of the second, third, and fourth introns. This may indicate that the order of splicing is not sequential as predicted by Fig. 5 . However, RNA splicing could occur rapidly for the second and third introns, resulting in a higher concentration of RNA transcripts after the removal of the fourth, fifth, sixth, and seventh intron transcripts. Thus, the difference in the intensity of hybridization of these RNA species could indicate different splicing products migrating at the same size or a different steady-state concentration of these RNA species. A similar observation was reported by Donaldson et al. (10) for globin and by Tsai et al. (11) for the processing of ovalbumin RNA.
A model for the processing of ovalbumin RNA has been proposed by Roop et al. (12) . They demonstrated that the RNA sequences corresponding to the 5' intron are excised before intron sequences at the 3' end of the RNA. On the other hand, the processing of ovomucoid pre-mRNA occurs by a preferred pathway for the excision of intron transcripts from the RNA (11) . In this pathway, the fifth and. sixth intron transcripts were excised before the first, second, and third. Donaldson et al. (10) and Kinniburgh et al. (13) have proposed that there are two routes for processing of mouse P3-globin pre-mRNAs. One route involves the removal of the first (5') intron transcripts before the second, whereas the alternative pathway includes an initial excision ofa portion of the second intron transcript prior to the ordered removal of the first and second intron transcript. The processing of P-enolpyruvate carboxykinase RNA involves an ordered mechanism, in which intron transcripts are excised starting at the 5' end of the RNA. Thus, the processing of P-enolpyruvate carboxykinase RNA is different from the proposed mechanism for ovomucoid RNA maturation (11) but is in general agreement with the model for processing of ovalbumin (12) . To fully support the pathway of processing proposed in this paper, further experiments such as a kinetic analysis of the precursor-product relationships of the various P-enolpyruvate carboxykinase mRNA precursors and an analysis of in vitro splicing of these RNA transcripts are necessary.
